minimum isolates has been reported, but the underlying genetic basis of the phenotypic 31 variability remains unknown. The goal of this study was to characterize intraspecific genetic 32 diversity and explore its potential impact on virulence functions associated with secondary 33 metabolism, cellular transport, and cell wall decomposition. We generated a chromosome-scale 34 genome assembly, using single molecule real-time sequencing, and resequenced the genomes 35 and transcriptomes of multiple isolates to identify sequence and structural polymorphisms. 36 Numerous insertion and deletion events were found for a total of about 1 Mbp in each isolate. 37 Structural variation in this extremely gene dense genome frequently caused presence/absence 38 polymorphisms of multiple adjacent genes, mostly belonging to biosynthetic clusters associated 39 with secondary metabolism. Because of the observed intraspecific diversity in gene content due 40 to structural variation we concluded that a transcriptome reference developed from a single 41 isolate is insufficient to represent the virulence factor repertoire of the species. We therefore 42 compiled a pan-transcriptome reference of Pm. minimum comprising a non-redundant set of 43 15,245 protein-coding sequences. Using naturally infected field samples expressing Esca 44 symptoms, we demonstrated that mapping of meta-transcriptomics data on a multi-species 45 reference that included the Pm. minimum pan-transcriptome allows the profiling of an expanded 46 set of virulence factors, including variable genes associated with secondary metabolism and 47 cellular transport. 48 
INTRODUCTION
neoformans (Chow et al., 2012) . Similarly, Erysiphe necator populations evolved increased 102 fungicide tolerance to triazole fungicides as a result of multiple duplications of the Cyp51 gene 103 (Jones et al., 2014) . Gene duplication and interchromosomal DNA exchange could also lead to 104 formation of novel gene clusters, which may provide an adaptive advantage, as in the case of 105 the DAL cluster in yeast (Wong and Wolfe, 2005) . 106 107 In this study, we investigated the impact that structural variants have on putative virulence 108 functions in Pm. minimum. We assembled a chromosome-scale and complete genome of a Pm. 109 minimum isolate and resequenced at high-coverage the whole genomes of four additional 110 isolates. We also sequenced the RNA of all isolates grown under different culture conditions, 111 to generate a comprehensive representation of their transcriptomes and expression dynamics. 112 Comparative genome and transcriptome analyses enabled identification of extensive structural 113 variation. Deletions and insertions, in this remarkably dense genome, resulted in hundreds of 114 protein-coding genes that were not shared among isolates. These presence/absence 115 polymorphisms often involved blocks of multiple adjacent virulence factors. Interestingly, the 116 variable fraction of the Pm. minimum genome was enriched in clusters associated with 117 secondary metabolism, suggesting that acquisition or loss of secondary metabolism functions 118 may have an adaptive effect on fitness. Finally, we incorporated all core and variable transcripts 119 into a pan-transcriptome, which provided a more comprehensive representation of the virulence 120 repertoire of the species when used as reference for meta-transcriptomic analysis of naturally 121 occurring Pm. minimum infections. 122 6 ended reads were mapped onto Pm1119 using Speedseq v.0.1.2 (Chiang et al., 2015) . Only SVs 173 predicted as homozygous alternatives (1/1) in DELLY2 and with at least 4 supporting reads in 174 LUMPY were retained. SVs that overlapped with sites predicted as variant when Pm1119 reads 175 were mapped onto the Pm1119 reference were removed. SV calls of the three methods were 176 compared using bedtools intersect v2.19.1 (Quinlan and Hall, 2010) with a minimum reciprocal 177 overlap of 90% (English et al., 2015) . Complete and partial deletions were confirmed by 178 aligning the candidate SV sequences on the respective genome assemblies using GMAP version 179 2015-11-20 (Wu and Watanabe, 2005).
181
Single nucleotide polymorphisms (SNP) calling and phylogeny analysis 182 Single nucleotide polymorphisms were identified as described above. SNPs were called using are higher than the 0.5 ratio that would be obtained if all substitutions were equally probable. 187 Tr/Tv values were significantly higher in exons (2.7; P-value = 9e -12 ) compared to introns (2.0) 188 and intergenic space (1.9; Data S1: Figure S1 ), further supporting the accuracy of gene models 196 After 28 days of culture in either stationary or rotating condition, fungal suspensions were 197 vacuum-filtered through 1.6 µm glass microfiber filters (Whatman, Maidstone, UK) and 198 mycelia were collected in a 2-mL micro-centrifuge tube, then immediately frozen in liquid 199 nitrogen and ground to a powder with a TissueLyser II (Qiagen, Hilden, Germany) at 30 Hz for 200 30 s. One milliliter of TRIzol reagent (Ambion, Austin, TX, USA) was added to the ground 201 mycelia and extraction of total RNA was performed following the manufacturer's protocol. 202 RNA-seq libraries were prepared using the Illumina TruSeq RNA kit v.2 (Illumina, San Diego, 203 CA, USA) and sequenced on an Illumina HiSeq3000 sequencer (DNA Technologies Core 204 Facility, University of California Davis) in single-end 50-bp mode. Sequences were deposited 205 to Short Read Archive (NCBI; SRA accession: SRP126240; BioProject: PRJNA421316).
RNA extraction, library preparation and sequencing

207
RNAseq, de novo transcriptome assembly, identification of isolate-specific transcripts and 208 construction of a pan-transcriptome reference 209 Reads were first trimmed using Trimmomatic v.0.36 (Bolger et al., 2014) as described above. 210 For each genotype, de novo transcriptome assembly was performed using reads from six RNA-211 seq libraries (3 replicates at stationary + 3 replicates at rotating condition) as input for TRINITY 212 v.2.4.0 (Grabherr et al., 2011). Reconstructed transcripts were then mapped on all genome 213 assemblies using GMAP (Wu and Watanabe, 2005) to determine culture cross-contaminations 214 (Data S1: Table S4 ). We detected significant contamination of Pm448 cultures by Pm449. 215 Consequently, the RNAseq data of Pm448 were not included in further analyses. Transcripts 216 were then mapped with GMAP onto the Pm1119 reference genome to identify variable 217 transcripts (Data S1: Table S4 ). Transcripts that did not map or that mapped with both coverage 218 and identity ≤ 80% were considered not present in the reference. Transcripts derived from 219 mitochondrial genes, with internal stop codon(s), without a stop codon or starting methionine 220 were removed. Transcript redundancies were resolved using the tr2aacds program of 221 EvidentialGene (Gilbert, 2013), which selects from clusters of highly similar contigs the "best" 7 representative transcript based on CDS and protein length. The set of non-redundant transcripts 223 absent in Pm1119 was added to the reference transcriptome to compose the Pm. minimum pan-224 transcriptome. In addition, for each isolate, a private transcriptome was created by removing 225 from the Pm1119 reference transcriptome the transcripts detected as deleted in the isolate and 226 adding the de novo assembled complete transcripts detected as not present in Pm1119. Private 227 transcriptomes were then mapped on their own genome assembly using GMAP to determine 228 the genomic coordinates of each transcript (Data S3). Co-linearity of the protein-coding genes 229 flanking the locus of insertion was used to identify the orthologous coordinates in the Pm1119 230 reference genome.
232
Trimmed single-end reads were mapped onto their corresponding private transcriptome using 233 Bowtie2 v.2.2.6 with parameters: -q -end-to-end -sensitive -no-unal. Then, sam2counts.py 234 v.0.91 (https://github.com/vsbuffalo/sam2counts) was used to extract counts of uniquely 235 mapped reads (Q>30). Details on trimming and mapping results are reported in Data S1: Table   236 S5. The Bioconductor package DESeq2 (Love et al., 2014) was used for read-count 237 normalization and for statistical testing of differential expression (Data S4). 
RESULTS AND DISCUSSION
257
Assembly of single molecule real-time sequencing reads generates a complete and highly 258 contiguous reference genome for Pm. minimum 259 The first objective of this study was to generate a complete and highly contiguous genome 260 assembly, to serve as reference for the comparative genome analyses described below. The 261 genome of Pm. minimum isolate 1119 (Pm1119, henceforth; Data S1: Table S1) was 262 sequenced using single molecule real-time (SMRT) technology at 213x coverage (Data S1: 263 Table S2 ). Sequencing reads were assembled into 25 contigs using HGAP3.0 and error- Table 1) . N50 and N90 of the nuclear genome were 5.5 and 4.3 Mbp, 267 respectively, representing a significant improvement in sequence contiguity compared to our 268 previous assembly of isolate UCR-PA7, which was generated using short-read sequencing 269 technology (Blanco-Ulate et al., 2013; Data S1: Figure S2 ). To evaluate sequence accuracy, 270 we sequenced at 71x coverage the genome of Pm1119 using an Illumina HiSeq2500 system 271 ( The number of chromosomes comprising the Pm. minimum nuclear genome is still unknown. 277 In order to determine the degree of fragmentation of the assembly, we searched for the presence 278 of telomeric repeats in the terminal contig sequences. Telomeric repeats ('5-TTAGGG-3'; 279 Podlevsky et al., 2008) were found at both ends of four contigs and at one end of six other 280 contigs, suggesting that at least four chromosomes were assembled telomere-to-telomere (Data 281 S1: Figure S3 ). Protein-coding genes were detected only on nine of the 24 contigs, suggesting 282 that the 15 remaining contigs are fragments derived from intergenic and repetitive regions of 283 the genome, or are potential assembly artifacts. These nine contigs with protein-coding genes 284 comprised 99.2% of the total assembly, with a total size of 46.9 Mbp, which is slightly larger space (Data S1: Table S6 ). Only 1.1 Mbp (2.31%) of the Pm1119 genome was composed of 289 interspersed repeats and low complexity DNA sequences (Table 1) , a repeat content 290 comparable with other grapevine trunk pathogens (3.6 ± 2.0 %; P-value = 0.22) but significantly 291 lower than in other Ascomycete plant pathogens (19.8 ± 24.6 %; P-value = 0.012; Data S1: 292 Table S7 ). Finally, we compared the assembly with contigs of the same isolate sequenced using 293 short-reads and assembled with SPAdes (Data S1: Table S3 ; Bankevich et al., 2012). Only 16 294 indels, each smaller than 500 bp, for a total of 1,528 bp (Data S1: Table S8) Table S9 ).
305
Virulence-factor focused annotation shows abundant transport and secondary metabolic 306 functions in the Pm. minimum genome 307 Annotation focused on processes potentially associated with virulence, such as woody-tissue 308 degradation and colonization, cellular transport and secondary metabolism, as described in 309 Morales-Cruz et al. (2015) . We identified a total of 9,150 genes encoding putative virulence 310 factors, corresponding to 61.9% of Pm. minimum predicted transcriptome (Table 2; Data S6). 311 This set of genes comprised 908 Carbohydrate-Active enZYmes (CAZYmes) including 487 312 cell wall-degrading enzymes (CWDEs) potentially involved in substrate colonization (Data S1: 313 Table S10 ). Among the set of putative virulence factors were also 52 peroxidases (including 314 two lignin peroxidases), 157 cytochrome P450s (P450s), 2,742 cellular transporters, and 5,712 315 genes associated with secondary metabolism. Comparisons of multiple isolates provides a first assessment of structural variation in the 343 species and its impact on the gene space 344 To investigate the genomic variability in Pm. minimum, we sequenced the genomes of four 345 additional isolates from Esca-symptomatic vines (Figure 1D ; Data S1: Table S1 ). Strains 346 isolated from distant geographic locations, with distinct colony morphology and in vitro growth 347 rates ( Figure 1D ; Data S1: Figure S6) , were chosen to maximize the potential genetic diversity 348 in the species. An average of 3.4 ± 1.4 Gbp were generated for each isolate, achieving a 349 sequencing coverage of 72 ± 29x (Data S1: Table S3 ). Sequencing reads were directly used to 350 identify single nucleotide polymorphisms (SNPs). Using GATK, we found a total of 1,389,186 351 SNPs (Data S1: Table S11 ). SNP density was higher in introns (10.8 ± 2.8 SNPs/kbp) 352 compared to exons (4.9 ± 1.5 SNPs/kbp) and intergenic space (8.8 ± 2.4 SNPs/kbp), supporting 353 the overall accuracy of the gene models (Data S1: Figure S1 ). Phylogenetic analysis based on 354 the SNPs (Figure 1D) To explore genomic structural diversity, we assembled the genomes of the four isolates and 363 compared all assemblies (Table 1; Data S1: Table S3 ). Total assembly size varied slightly 364 among isolates, from 45 Mbp for Pm448 to 47.6 Mbp for UCR-PA7, and N50 values ranged 365 from 0.2 Mbp for Pm448 to 1.5 Mbp for Pm449. NUCmer analysis of whole-genome 366 alignments (Data S1: Figure S7 ) determined that at least 91.9% of the assemblies aligned to 367 Pm1119 (Data S1: Table S13), and identified multiple insertion/deletion events [≥ 50 bp/indel; 368 ~1 Mbp of structural variant sites (SVs) per isolate] in all genotypes relative to Pm1119 (Data 369 S1: Table S8 ). Because whole-genome alignments depend on the contiguity and completeness (Table 3) , while Pm1118 showed fewer events (166) for a shorter total length of 256 387 kbp, confirming that Pm1118 is genetically closer to Pm1119 (Figure 1D) . 388 389 Comparison of deletion events among isolates (Data S1: Figure S8A ) revealed that few events 390 were shared by the four isolates (19/568) and the majority of deletions were isolate-specific Table   436 S5). The transcriptome of each isolate was de novo assembled by pooling the reads obtained 437 from three replicates per culture condition. An average of 25,833 ± 5,970 transcripts per isolate 438 were assembled using Trinity (Grabherr et al., 2011; Data S1: Table S4 ). The contigs were 439 then mapped on Pm1119 to identify transcripts absent from the reference genome. All of the de 440 novo assembled transcripts of Pm1119 mapped onto the Pm1119 genome, thereby confirming 441 the completeness of the gene space in the reference. The transcripts from UCR-PA7, Pm1118 442 and Pm449 that did not map onto the Pm1119 genome were merged using EvidentialGene 443 (Gilbert, 2013), to generate a non-redundant set of protein-coding sequences (CDS). We 444 identified a total of 455 CDS encoding complete proteins that were not present in the Pm1119 445 reference: 11 of these were shared by two isolates, whereas 195, 98, and 151 were found only 446 in UCR-PA7, Pm1118 and Pm449, respectively (Data S3; Data S1: Figure S9 ). Predicted 447 proteins of the 455 new transcripts were 349 ± 236 amino acid long, which is comparable to 448 the proteins predicted in Pm1119 (Data S1: Figure S10 ). Three of these predicted proteins 449 were annotated as CAZYmes with plant cell wall-degrading functions, three as P450s, 44 as 450 transporters and 150 as members of BGCs (Data S3).
452
By mapping the 455 CDS on their respective genomes, we identified the coordinates of each 453 insertion relative to Pm1119 (Data S3; Table 3 ). Many of the insertions involved blocks of 454 multiple genes: 42%, 24% and 33% were insertions of more than one gene in UCR-PA7, Pm449 and Pm1118, respectively (Figure 4) . The largest inserted block involved 19 adjacent genes in 456 UCR-PA7. In this isolate, we also identified a single SV that involved a complete BGC 457 associated with terpene synthesis, composed of three adjacent genes encoding a P450, a C6 458 finger transcription factor, and a terpene cyclase. Interestingly, one third of the indels were 459 flanked at both sides by parts of BGCs, further supporting the hypothesis that BGCs are hotspots 460 for fungal genome evolution (Wisecaver et al., 2014) . Table S5 ). Over 200 additional transcripts were detected under rotating conditions, the majority 473 of which (56.5 ± 3.3%) were associated with secondary metabolism (Data S1: Figure S11) . 474 An average of 5,824 ± 2,259 transcripts were detected as differentially expressed between 475 stationary and rotating cultures (P-value < 0.05; Data S4). More than one third of the 476 differentially expressed genes (DEGs) were members of BGCs, confirming the effect of 477 rotation on secondary metabolism on cultured fungi (Data S1: Table S14 The addition of the pan-transcriptome to a multi-species reference expands the set of 491 detectable Pm. minimum virulence activity in mixed infections in the field 492 We previously showed that by mapping RNAseq reads on a multi-species reference, comprised The inclusion of the Pm1119 reference resulted in an average increase of 13.4% of the number 510 of reads assigned to Pm. minimum, compared to UCR-PA7, without affecting the read counts 511 attributed to the other trunk pathogens. This demonstrates the value of a more complete and 512 contiguous genome in transcriptomic studies (Figure 6A; Data S5) . The inclusion of the pan-513 transcriptome led to only a slight increase in total read mapping compared to Pm1119, resulting 514 in the detection of 10.6% of the variable CDS (Figure 6B) In this study, we described the genomic diversity among isolates of Pm. minimum and showed 527 that detectable structural variation impacted blocks of adjacent virulence genes, preferentially 528 those forming biosynthetic gene clusters involved in secondary metabolism. Because in 529 sexually reproducing fungi like Pm. minimum, selection pressure is expected to rapidly 530 eliminate deleterious genes or alleles, it is reasonable to hypothesize that the observed structural 531 variation is maintained because it has adaptive effect on fitness. This hypothesis is also 532 supported by the key role that toxins, a product of secondary metabolism, play during plant Pm. minimum isolates.
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Analysis of expression of structural variant gene clusters reveals the impact of indel on
